Introduction
Cactus pear (Opuntia sp) is cultivated in arid and semiarid regions. The green ecotype is well known and has been cultivated for many years in many regions throughout the world. Some less well-known ecotypes yield other coloured fruits: purple, red, yellow and orange (CASTELLAR et al., 2006; DÍAZ et al., 2006; TESORIERE et al., 2005) . The purple ecotype contains betalain pigments providing its characteristic colour. Furthermore, cactus pear is one of the few natural sources of betalains, which are also found in beetroot, amaranth and some other Cactaceae such as the cactus pear, pitaya (Stenocereus sp.), pitahaya (Hylocereus undatus) and garambullo (Myrtillocactus geometrizans) (CAI et al., 1998; CASTELLAR et al., 2006; DÍAZ et al., 2006; TESORIERE et al., 2005) . Betalains are water-soluble pigments comprising two structural groups: betacyanins (red-purple) and betaxanthins (orange-yellow) (CASTELLAR et al., 2003; DELGADO-VARGAS et al., 2000; FORNI et al., 1992; SÁENZ, 2006) . The main betacyanin pigment in purple cactus pear (Opuntia ficus-indica) is betanin, although low levels of isobetanin have also been detected (both pigments have a red colour). The yellow colour is mainly produced by the betaxanthin pigment indicaxanthin (CASTELLAR et al., 2003; ALMELA, 2001; SÁENZ et al., 2009) . Both pigments are found in the pulp and peel of the cactus pear. The betalain content of the fruit is affected by several factors, including the cultivar or variety, stage of maturity, climate and geographical location, amongst others (CASTELLAR et al., 2003; SEPÚLVEDA et al., 2003; CARLE, 2004; ODOUX; DOMÍNGUES-LÓPEZ, 1996) . The intake of betalains may provide protection against diseases related to oxidative stress. The consumption of cactus pear fruit and beet juice positively affect the body's redox balance and decrease oxidative damage, amongst other beneficial effects (SEMBRIES et al., 2006; TESORIERE et al., 2004; GENTILE et al., 2004; SEMBRIES et al., 2006; SREEKANTH et al., 2007) . Few scientific studies have reported the presence of antioxidant phenolic compounds in cactus pear fruit. The purple Opuntia ficus-indica ecotype contains a large amount of total phenolics of up to 660 mg/L in the juice (GALATI et al., 2003) and up to 900 mg/L in the fruit (SÁENZ at al., 2009 ). Other studies have identified the presence of flavonoids such as flavonol glycosides, including significant amounts of isorhamnetin-3-rutinoside, rutin, kaempferol-3-rutinoside and quercetin in a blend of yellow, purple and red cultivars (STINTZING et al., 2005; KUTI, 2004) . The intake of polyphenols has been inversely correlated with the incidence of several chronic diseases, including various types of cancer and cardiovascular diseases (STEVENSON; HURST, 2007) . Cactus pear pulp, containing betalains and polyphenols, could therefore be used as a functional ingredient in the food industry, with applications as a potentially health-giving natural food colour.
The current source of commercial betalains, which have been used as natural food colours for many years, is beetroot (Beta vulgaris) (SERRIS; BILIADERIS, 2001) . Betanin (also termed "beetroot-red") is accepted amongst the natural pigments that are classified as additives E-162 (European Union) and 73.40 (FDA) (CASTELLAR et al., 2006) . It is used mainly in foods that do not require thermal treatment, such as yogurt, confectionery, ice cream, syrups and sausages (FORNI et al., 1992; DÍAZ et al., 2006) . However, beetroot normally requires cooking to remove 3-secbutyl-2-methoxipyrazine, which is toxic to humans, and it is also necessary to remove the earthy flavour of geosmin. Cactus pear does not have these disadvantages and thus the pigment solution can be extracted directly from the juice without the need for thermal treatment. Furthermore, since the cactus crop does not accumulate nitrates, it represents a lower risk of microbiological contamination (STINTZING et al., 2001; MOßHAMMER et al., 2006) . Consequently, the purple cactus pear represents a promising alternative for the production of these natural dyes.
The stability of betalains is affected by temperature, water activity, pH, metals, enzymes, light and oxygen, and in fact, a lack of stability can sometimes lead to a total loss of colour.
The temperature used during both food processing and storage can be considered as the most important factor affecting betalain stability (CASTELLAR et al., 2003; HERBACH et al., 2006; AZEREDO, 2008) . Therefore separation procedures that avoid thermal treatment, such as membrane technologies, should be used to protect the pigments.
Compared with traditional separation and clarification methods, membrane technology, and specifically microfiltration (MF), appears to be feasible for the processing of betalains since it is an economical, non-thermal separation technique that does not require the use of chemical agents (CASSANO et al., 2010) . Membrane separation is mainly based on differences in particle size, and depends on the selective permeability of the membrane under a hydrostatic pressure gradient (CHERYAN, 1998) . MF has a separation range of approximately 10 to 0.1 µm and is normally used in the food industry for clarification, cold pasteurisation and casein separation (CANCINO-MADARIAGA et al., 2008; ESPINA et al., 2010) . Both ceramic and polymeric membranes can be used in this range of particle size.
The main challenge in the separation of the red pigment from the cactus pear pulp is the mucilage, a complex mixture of polysaccharides, less than 50% of which corresponds to a pectin-like polymer MATSUHIRO et al., 2006) . The traditional process used to remove it involves precipitation of the mucilage using ethanol . However, the use of ethanol in food applications is considered increasingly unfavourable (MOHAMED; MANSOORI, 2002) , and hence the use of membrane processes to separate the mucilage and obtain a clarified juice permeate appears to show good potential. showed that the mucilage fraction has extensive non-food uses including the restoration of historical buildings, due to its properties as an organic adhesive when used in combination with lime, and food uses as an emulsifier in the stabilization of emulsions and suspensions. The mucilage is a negatively charged polyelectrolyte , and its viscosity is affected by the pH and Ca +2 ions, that interfere in the repulsion of the negative charges, thereby resulting in strong intermolecular repulsion. The variation in the mucilage composition of different cactus species has not yet been determined. The Opuntia ficus-indica mucilage is composed of arabinose, galactose, galacturonic acid, rhamnose and xylose, although the concentrations of these components differ depending on various factors, including the region and agroclimatic conditions . Some studies assume a mucilage structure with a molecular weight from 2.3 × 10 4 to 4.3 × 10 6 ; however, the actual size could be higher because of water absorption.
The present authors postulated that it was possible to separate the mucilage using MF membranes without any additional processing, due to its large size. Cassano et al. (2010) used enzymes to clarify the cactus pear juice obtained from a yellow variety; however, the enzyme decreased the size of the mucilage, thereby altering the physical properties of the biopolymer. The mucilage recovered might have many innovative applications in the food industry that have not yet been explored, because this novel product is not yet available in structurally and functionally unchanged forms. Thus the possibility of recovering this fraction using an MF process could provide new opportunities for the use of this material, and this work aims to study the clarification of purple cactus pear juice by MF to obtain a mucilage-free solution that contains the betalain pigments.
The aim of this work was to demonstrate that MF could be used to clarify cactus pear juice without any additional separation process, in order to obtain a mucilage-free permeate that retains the natural properties of the betalains.
Materials and methods

Cactus pear pulp preparation
The pulp was obtained from purple cactus pears (Opuntia ficus-indica) that were collected from a plantation located in the Antumapu Experimental Station of the University of Chile in Santiago, Chile. The fruits were washed, peeled and pulped using a tomato screw press at room temperature (15 to 18 °C) to separate the small seeds from the pulp. The remaining fraction was screened to remove whole pieces of pulp and then packed into polypropylene bags and frozen at −18°C until use. All the pulp used in the experiments was produced at the same time.
Equation 1 shows the pulp efficiency (E e ), where mp is the pulp mass and mt is the cactus pear mass (without processing, including the peel). This value for efficiency can be used to calculate the scale-up of the process used to obtain the pigment.
The feed solution used in the MF experiments was represented by the pulp, which was treated using the method described above and then diluted with distilled water (1:1). The pulp was diluted to extract the betalain pigments from the mucilage-containing pulp, since the pigment is highly hydrophilic at 20± 0.5°C, which is the same temperature used in the MF experiments. After dilution, the fluid was ready for use in the MF process.
Analytical methods
The soluble solids (°Brix), pH and acidity were determined according to AOAC methods (CUNNIFF, 1996) . The turbidity, used as an indicator of mucilage removal, was determined using a Hanna turbidimeter (HI 93703), and total sugar was determined using the anthrone reagent method (OSBORNE; VOOGT, 1986).
T h e b e t a l a i n c o n t e n t w a s a n a l y s e d spectrophotometrically according to Stintzing et al. (2005) , and the betacyanin and betaxanthin pigments were measured at 535 nm and 484 nm, respectively. The betalain profile was determined by HPLC (Merck Hitachi) using a photodiode-array detector and a RP-18 column (5 µm × 4.6 mm i.d. × 25 cm) (FERNÁNDEZ-LÓPEZ; ALMELA, 2001).
The total polyphenolic compound content was determined using the Folin-Ciocalteu reagent (SINGLETON; ROSSI, 1965) . The mucilage test was performed according to the method described by Sepúlveda et al. (2007) , and the antioxidant capacity was evaluated using the Ferric Reducing Ability of Plasma (FRAP) assay (BENZIE; STRAIN, 1996) .
All analyses were carried out in triplicate, and the statistical significance of the results was analysed by ANOVA using the commercially available software Statgraphics Centurion XVI.
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Microfiltration
All experiments with the polymeric and ceramic membranes were carried out in a non-steady-state mode (Figure 1 ). The experiments with polymeric membranes used a flat, stainless steel, high-pressure cell that was developed and designed by the GKSS Research Centre (Geesthacht, Germany), although some modifications were made at the INPROMEM Laboratories (Chile) (CANCINO-MADARIAGA et al., 2011) . The experiments with ceramic membranes used a tubular stainless steel housing (Tami, France). The flow was forced through positive displacement pumps (PA411 for the ceramic membranes and PA2511 for the polymeric membranes; Fluid-o-Tech, USA). The temperature was controlled using a RESUN Chiller (C-1500) and the permeate flux was measured using a Shimadzu analytical balance (BX 4200). In this system, the permeate and the concentrate were the clarified juice and the mucilage fraction, respectively.
The percentage of betalain mass recovery (MR) was calculated using Equation 2:
where m p is the mass of betalain in the permeate and m i is the mass of betalain in the initial feed solution (the betalain mass was expressed as the amount of betanin equivalents, or MR b , and indicaxanthin equivalents, or MR i ).
The percentage concentration of the recovered betalain (CR) was calculated using Equation 3:
where C p is the betalain concentration in the permeate and C i is the betalain concentration in the feed solution (expressed as betanin equivalents, or CR b , and indicaxanthin equivalents, or CR i ). The efficiency of the clarification process (e c ) was determined using Equation 4:
where NTU p and NTU f are the permeate turbidity and the feed solution turbidity (NTU units), respectively. A higher value for e c indicates a lower permeate turbidity.
The volumetric reduction rate (VRR) was defined as the ratio between the feed volume and the concentrate volume as expressed in Equation 5:
where V f is the feed volume at the beginning of the experiment and V c is the concentrate volume at the end of the experiment.
A liquid phase is required In MF experiments and a lower viscosity is desirable. The hydrophilic extraction of the pigment from the pulp was performed at room temperature by adding water in a ratio of 1:1. This fluid constituted the feed solution that was used for all the MF experiments.
The MF process was tested on a laboratory scale using a feed volume of 3 L at 20°C and two transmembrane pressure levels (TMP), 0.64 and 0.84 bar, to identify the level that provided the highest percentage of betalain recovery, which was calculated using Equation 2.
All the ceramic membrane experiments were carried out using the same membrane, which was cleaned using the following cleaning protocol: (1) pure water (distilled water with a conductivity lower than 10 µS/cm), (1) a flat, high-pressure cell or tubular housing, (2) a pump, (3) manometers and (4) a valve.
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The experiments with polymeric membranes were carried out with new membranes but each membrane was cleaned with pure water in accordance with the manufacturer's instructions and the author's own experience. The cleaning procedure used was as follows:
(1) wash with pure water, (2) 0.5% Ultrasil 10 (Henkel, Ecolab) at 55 °C for 30 min, and (3) wash at least three times with pure water until the Ultrasil was removed from the circuit. A pH test was then performed to verify that the latter criterion had been achieved.
ANOVA and Tukey's test were used to analyse the differences between the parameters studied and Statgraphics Centurion XVI was used for all the statistical analyses.
Results and discussion
The extraction efficiency (E e ) of the cactus pear pulp processing procedure, evaluated in accordance with Equation 1, was 42.6%. This result can be applied to scale-up the process to approach the amount required to produce the desired amount of juice or pulp. The peel of this type of cactus pear is purple and contains betalains, which implies that it could also be separated using the results shown below to increase the pigment yield of the process.
MF results
Figure 2 presents the permeate flux (J) obtained using the ceramic and polymeric membranes with TMPs of 0.64 and 0.84 bar. These results show significant differences (p-value ≤ 0.05) between the curves obtained.
After ca. 50 min, the flux obtained through both membranes was stable, and no additional changes were observed until the experiments were stopped at ca. 240 min. This behaviour was independent of the TMP and the membrane material used. It was also clear that a lower TMP resulted in a higher flux and that, at both pressure levels, the ceramic membrane exhibited approximately twice the flux observed with the polymeric membranes. Similar behaviour was observed by Cassano et al. (2010) during the MF of de-pectinised cactus pear juice using a polymeric membrane.
The plateau reached after 50 min with both TMPs was due to the development of concentration polarisation fouling, which is produced by the biopolymer in the feed solution (GIRARD; FUKUMOTO, 2000) . However, differences were observed between the fluxes obtained using the different TMPs. At the lower TMP, a higher flux and less compacting of the biopolymer was observed. Cassano et al. (2010) observed that a flat and stable zone was reached after ca. 250 min using a flux of 1.355 × 10 −5 m 3 /(m 2 s). The results shown in Figure 2 for 0.64 bar were higher than those obtained by this author, in fact, the flux almost doubled using the ceramic membrane. However, the flux decreased at higher pressures, an effect similar to the results described by Cassano at a higher TMP (2.2 bar). Figure 3 shows the VRRs obtained with both membranes and both TMP levels. As can be seen, significant differences (p-value ≤ 0.05) were observed between the membranes. The VRR obtained with the ceramic membrane was significantly higher at 0.64 bar, and a higher VRR is desirable, because it indicates a higher permeate volume. At the end of the filtration process (i.e., after 240 min), the VRR obtained with the ceramic membrane at 0.64 bar was approximately 13.6% higher than the other results obtained. No statistically significant differences were observed between the use 
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http://bjft.ital.sp.gov.br of the ceramic membrane at 0.84 bar and the polymeric membrane at 0.64 or 0.84 bar. Table 2 shows differences between the permeates obtained using the polymeric and ceramic membranes at the end of the process. It can be seen that the turbidity of all permeates was 0 NTU, which indicates total removal of the mucilage. This result was confirmed by the mucilage test, which also showed negative results. For betanin (the red pigment), CR b describes the concentration in the permeate. Comparing the CR b values obtained with both membranes, the best performance was obtained with the ceramic membrane at low TMP. The same result was obtained when the betanin mass (MR b ) was analysed. A higher CR b value indicates greater transmission of the pigment, whereas a higher MR b value indicates a greater permeate flow; thus, CR b is different from MR b . Since MF is a clarification step and clarification was fully achieved (ec = 100%) under all conditions with all membranes, the most important parameter is the level of betalain recovery (i.e., MR). Undoubtedly, the ceramic membrane used at 0.64 bar expressed a larger mass of betanin into the permeate fraction and yielded 48% more betalain than the polymeric membrane under the same conditions. The other parameters shown in Table 2 , such as the permeate flow, J 240 , CR, MR and VRR, were significantly higher (p-value < 0.05) for the ceramic membrane at 0.64 bar.
This type of study typically focuses on the value obtained for CR and not for MR. However as observed from the results obtained, the CR values were always higher and could lead to erroneous conclusions if the aim was to obtain the mass of pigment or a specific component.
Chromatography was used to identify the betalains obtained under the different flow conditions (feed, fraction retained and permeate) used with the ceramic membrane. Figure 4 depicts the chromatogram of the MF feed further separated using the ceramic membrane at 0.64 bar. In this figure, peaks 1, 2 and 3 represent indicaxanthin, betanin and isobetanin, respectively (FERNÁNDEZ-LÓPEZ; ALMELA, 2001; SÁENZ et al., 2009 ). The same profiles were obtained in the permeate and concentrate (data not shown) demonstrating that the betalains were not destroyed during the MF process. Other molecules present in the permeate or concentrate fractions showing the same absorption maximum (535 nm) could only be identified via chromatography. This result may be attributed to some type of degradation as a result of the temperature or other conditions used, such as high shear stress. In such cases, the chromatograms would be different. Table 3 shows the physical and chemical characteristics of the feed, permeate and fractions retained obtained using the MF process with a ceramic membrane at 0.64 bar.
The statistical analysis showed that no significant differences existed between the soluble solids contents, pH values and densities of the permeate and concentrate fractions. However, the biopolymer was retained in the concentrate, as indicated by the turbidity value. The soluble solids content was a better indicator of the sugar content than the mucilage content. In addition, the total sugars, betalains, polyphenols and antioxidant activities in the different flows were significantly different (p-value < 0.05). The value obtained for the permeate antioxidant capacity was 77.4% of the initial value, which may be explained in part by the retention of antioxidant molecules by the membrane. This value confirms that the negative effects produced by the MF process on Clarification of purple cactus pear juice using microfiltration membranes to obtain a solution of betalain pigments VERGARA, C. et al. http://bjft.ital.sp.gov.br the bioactive properties of the liquid were minimal. However, the values listed in Table 3 for the polyphenolic compound concentrations may be misleading, because they show better results than those obtained in the mass balance analysis (Table 4) . Thus, the amount of polyphenolic compounds in the permeate was 37% of the initial amount. The amounts of polyphenols may increase with the consecutive water extraction stages since the water molecules are smaller than the pores of the MF membrane and are only retained by the gel layer formed by the mucilage. Consecutive water extractions may improve the permeation of some polyphenols, but would simultaneously increase the volume and cost of the overall process. However, this analysis is beyond the Betacyanins (red pigments) in the permeate represent 20.6% of the mass in the initial solution and the total pigment in the permeate represents 20.4% of the mass in the initial solution. However, in other studies (CASSANO et al., 2010) , the pigment was not found in the permeate and was instead retained in the concentrate during the MF process. To improve the recovery of this pigment, it may be useful to carry out a study using consecutive extraction steps, since increasing the number of extraction stages may recover more pigment in the permeate. However, this study showed that it is possible to extract the pigment in the permeate, which could then be concentrated via further steps such as ultrafiltration or nanofiltration, since the mucilage is no longer in the solution.
In addition, the mucilage recovered in the retained fraction from the MF membrane could be used for many new applications in the food industry that have not yet been explored. However, the mucilage recovered is not ready for use and must be separated from the pigment via several water extraction stages, as previously proposed. During this process, the effect of shear stress must be considered to ensure that the functionalities of the recovered biopolymer have not been lost. Thus, additional studies must be carried out in this area.
The mucilage, as already mentioned, is negatively charged. Hydrophilic membranes, including both the PS and ceramic membranes used in this study, are also negatively charged. However, differences between these membranes exist that depend on the type and number of chemical groups that form the active layer, where the separation is obtained. Ceramic membranes are more hydrophilic than PS membranes (MELIN; RAUTENBACH, 2007) . Therefore, it is likely that the mucilage is repelled more easily when ceramic membranes are used, which would cause a greater flux through the membrane. Additional studies in this area are required to identify the limits of this behaviour, since the pH and the organic acids and salts present in the solution can also affect and/or interact with the chemical groups on the membrane and change the properties of the biopolymer. To illustrate some differences between ceramic and PS membranes, Figure 5 shows an image of both, in which the contact angle formed between the drop and the membrane surface can be observed. The images were obtained using the same contact duration. In this figure, the ceramic membrane exhibits a smaller contact angle with the surface of the membrane, a behaviour that agrees with the results reported by Melin and Rautenbach (2007) . Figure 6 shows images of the mucilage retained by the polymeric membrane and a ceramic membrane disc, which is composed of the same material as the multitubular ceramic membrane used in this study. This figure illustrates the mucilage retained during the membrane separation process. However, further studies on the mucilage and its physical and chemical characteristics are required.
Conclusions
The TMP used in the MF process for the clarification of cactus pear juice is crucial for the flux obtained, regardless of the membrane used. A lower TMP produces a greater flux. However, in this study, ceramic membranes exhibited a greater flux than the polymeric membranes, regardless of the TMP.
It is not necessary to use enzymes to decrease fouling of the membrane used for the clarification of cactus Clarification of purple cactus pear juice using microfiltration membranes to obtain a solution of betalain pigments VERGARA, C. et al. http://bjft.ital.sp.gov.br pear juice. With an MF membrane, the juice clarification efficiency was 100% and the mucilage was separated in the retained fraction. The ceramic membrane worked best for the clarification of cactus pear juice when using a permeate flow of 210 g/h, and 20.6% of the betacyanin mass and 20.4% of the betaxanthin mass were recovered in the permeate after 4 h of processing, as well as 70% of the betalain. Moreover, MF using ceramic membranes represents a gentle separation method that does not destroy the pigment molecules. The permeate fraction proved to be a source of bioactive components such as polyphenols and betalains, yielding a clarified juice with functional and health-giving properties.
